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Neutrinos: What We Know

Standard Model of Elementary Particles , , , ,
* Neutral fermions interacting via weak force

interactions / force carriers

three generations of matter
(fermions) (bosons)
I | 11
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Neutrino Mass Measurements

Mass measurement paradigms:

 Neutrino oscillations 104 | be
2107 f ce v 1
* Cosmological =102 e s _
10 d. 3
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* Neutrinoless double beta decay o
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Nature of Neutrino Mass

* Neutrino masses are at least 5 orders of Eig
magnitude smaller than other fundamental glo
particles 10

10

* Nature of neutrino mass is unknown: 1

Dirac vs Majorana 10
10

* The smallness of neutrino mass maybe tied 10
to the Majorana nature of neutrino via See- 10
saw mechanism ig

* Neutrinoless double beta decay experiments ig
can help identify if neutrinos are Majorana 10

type
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Double Beta Decay

* Two neutrons simultaneously convert
to protons

* A few even-even nuclei can undergo

double beta decay (VBPB) when beta
decay is energetically forbidden

* Half-life (~1020 yrs) >> age of universe

* 35 naturally occurring isotopes capable

of VPP

* Already measured for several isotopes

Nuclear Mass

Double beta decay
which emits anti-neutrinos

-Osaka university

Even Mass 2 [ Odd Mass
Number = Number
S
N.Z odd 'g;
Z, i
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Neutrinoless Double Beta Decay (0OVB[)

* Hypothesized nuclear process
* Implies:
* V has Majorana mass term

* Lepton number violation

* Hints to matter-antimatter asymmetry

Neutrinoless
double beta decay
* OVBB experiments measure half-life (or decay rate) -Osaka university
* Constrain the V mass and ordering 'l ) |
urrent exclusion
Nuclear Matrix elements 1071
r z ;-
—1 27 _98 0.01eV = 10-2
/2 X ( |M| (mgg) ~ 10 ( > y E
/ mpgp =
| 1073
Phase space factor Effective neutrino mass
_ JT2 >
. , , <mﬂ5> T ij Uej TS 103 102 10! 1
Important to observe OV in multiple isotopes . Penien [€V]
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Searching for OV[3f3

* Essentially a peak search at the Q value
of the decay

Neutrinoless -Osaka university

Sensitivity in presence of BG:

Mass %07
T Runtime 2.0~ 20 -

/ ;_..-'" 10 —-
\ M t 1.5 "'-.,_.... 0] |‘."' L

Sov « ae BAE ZVBB 0.90 1.00 1.10

K./Q

Background Energy
resolution 0.54 / Not to scale l

Efficiency

x10°°
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CUORE Experiment
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CUORE

* Primary Goal: Search for OV decay in !30Te

* Design:

* 19 towers (total of 988 TeO; crystals)

Cryogenic Underground Observatory for Rare Events
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CUORE

* Primary Goal: Search for OVBP decay in 130Te

* Design:

* |9 towers (total of 988 TeO, crystals
* Large mass: 742 kg of TeO,,206 kg of 130Te
* Low background goal: 10-2 cts/(keV. kg. yr)

* Energy resolution: Goal of 5 keV FWHM at Qgg

* High efficiency and duty cycle

* Sensitivity:

e T0vi2 ~9 x 1025 yrs (90% C.L) in 5 yrs
* mpp < 50-130 meV

Cryogenic Underground Observatory for Rare Events
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CUORE

* Primary Goal: Search for OVBP decay in 130Te

* Design:

* |9 towers (total of 988 TeO; crystals) aceE
* Large mass: 742 kg of TeO,,206 kg of 130Te
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* Energy resolution: Goal of 5 keV FWHM at Qgg

* High efficiency and duty cycle

* Sensitivity:

e T0vi2 ~9 x 1025 yrs (90% C.L) in 5 yrs
* mpp < 50-130 meV

Cryogenic Underground Observatory for Rare Events

y 1 Booall b = (= , ey
S | . | €y l
R ERD s e e MR = B
.

: ] . 1
R..' 38 'y '

= -
D v :
QP e— Qe
-
R .

;
:
|
|
i_
|4.
I
T
T
|

W Wright
s Laboratory

Pranava Teja Surukuchi, BNL Seminar June 2020



CUORE

* Primary Goal: Search for OVBP decay in 130Te

* Design:

* |9 towers (total of 988 TeO; crystals) aceE
* Large mass: 742 kg of TeO,,206 kg of 130Te

* Low background goal: 10-2 cts/(keV. kg. yr)

* Energy resolution: Goal of 5 ke HM at Qpgp

* High efficiency and duty cycle

* Sensitivity:

e T0vi2 ~9 x 1025 yrs (90% C.L) in 5 yrs
* mpp < 50-130 meV

Cryogenic Underground Observatory for Rare Events
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CUORE

* Primary Goal: Search for OVBP decay in 130Te

* Design:

* |9 towers (total of 988 TeO; crystals)

* Large mass: 742 kg of TeO,,206 kg of 130Te
* Low background goal: 10-2 cts/(keV. kg. yr)
* Energy resolution: Goal of 5 keV uV at Qgp
* High efficiency and duty cycle

* Sensitivity:

e T0vi2 ~9 x 1025 yrs (90% C.L) in 5 yrs
* mpp < 50-130 meV

Cryogenic Underground Observatory for Rare Events
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CUORE

* Primary Goal: Search for OVBP decay in 130Te

* Design:

* |9 towers (total of 988 TeO; crystals) aceE
* Large mass: 742 kg of TeO,,206 kg of 130Te

* Low background goal: 10-2 cts/(keV. kg. yr)

* Energy resolution: Goal of 5 keV FWHM at Qgg

* High efficiency and duty cycle

* Sensitivity:

e TOvi, ~9 x 1025 yrs (90% C.L) in 5 yrs
* mgg < 50-130 meV

Cryogenic Underground Observatory for Rare Events

y 1 Booall b = (= , ey
S | . | €y l
R ERD s e e MR = B
.

: ] . 1
R..' 38 'y '

= -
D v :
QP e— Qe
-
R .

;
:
|
|
i_
|4.
I
T
T
|

W Wright
s Laboratory

Pranava Teja Surukuchi, BNL Seminar June 2020



LNGS: Laboratori Nazionali del Gran Sasso

* Natural shielding from cosmic rays by a mountain of Gran Sasso

* 3600 meter water equivalent overburden

CRESST WEEER
GERDA XENON
CUORE DarkSide
LVD |
Vs | DA ICARUS Borex.o

Rome

Adriatic
coast

’
& ———
" v -
------
T ~1 1
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Isotope of Choice: 1307e

* 34 7% natural isotopic abundance

4500 :_48C21
®
* Qpp (2528 keV) 4000+
* > most Y natural radioactivity = 3500
Y 30001
* Background from 2vpp ~1/Q5 =
3 2500 e
* Isotope within the absorber S -
CID’ZOOOI_
* Reproducible growth of high quality 1500
TeO; crystals with low contamination - :
1000 o Te
% :I L1 1 | L1 1 | | L1 1 | | L1 1 | | L1 1 | | 1 1 | | L1 1 I; | 1
Q 0 S 10 15 20 25 30 35

Better

Isotopic Abundance [atomic %]

WZ Wrigh ! : .
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Calorimetric Technique

Crystal temperature rises when energy is deposited

* Each crystal:

Heat Sink o LLLLLLLLLLLL 4 Copper Holder =g
« Absorber: 5x5x5 cm3 TeO, crystal Weak Thermal - < *
Coupling l oLy
 Operational temperature: ~10 mK
Absorber E —  NTD Ge Sensor
Crvstal (Thermometer)
 Thermal coupling: PTFE holder (TZOZ) >. il
i
 Heater: Gain calibration | Heater < I =
Incident . *;
* Sensor: Ge neutron transmutation doped (NTD) thermistor Radiation
C A
< %
== * Excellent energy resolution (~0.2% AE/E FWHM)
-
AT X E/C(T) 2= ~| MeV » Detector response independent of particle type
C(M o I3 v s L | |
* Flexibility in OVB[ candidate choice
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CUORE Cryostat

Low background cryostat needs to be maintained at low temperature with low vibrations

R o
* Multiple stage cryogen-free cryostat: & g
* Nested co-axial cylinders Dlatec. Gl B
300 K |
* Pulse Tubes for cooling 40 K and 4 K stages 10K

* Dilution Unit to cool rest of the stages

* Total mass: ~30 ton

Top Lead
Shield

Side Lead
Shield

* |I5ton @ 4 K

* 3 ton @ 50 mK

Detector
Towers

* | ton @ 10 mK

Bottom Lead
Shield

[/

Y

Wright
7N 18
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Low Background Experiment

Y-beam

Vibration 1solation

Main support plate

Cryostat

Concrete beams H;BO; panels

Lead

* In addition to natural shielding from rock

Sand-filled columns

Polyethylene * Passive lead, polyethylene, and H3BO3 shielding

Concrete walls —»

e /0 tonne of lead, 7 tonne of cold lead
Borated polyethylene

e Careful material selection: Ancient Lead and low radioactive
copper

Screw jacks

Movable platform

Seismic 1solation
* Strict radiopure controls

* Active background reduction from event selection

N2 Hrient Pranava Teja Surukuchi, BNL Seminar June 2020 19



CUORE Development

| | | | | | | | | | | | | | | | | | | | I | | | | | | | |
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1025 ;_ ...................................................................................................... s . _;
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CUORE Installation

SRR [ ' 2
Gluing NTD and heaters

2 1..@'."""""
m

. ‘lhat“ Tas |

N T X . LT 2 7z W o ATH

Assemblmg towers! Ul Partially assembled detector

: P 4 ',’U
TSyl g {f

-
- -i .
W, . f !
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CUORE Commissioning

® @ % Apollo Smart Scope

e Cooldown: Started in Dec 2016

X scale: 10 s/div

* | Month cool down S R e A e e e

.........................................................................................................

* First data in Jan 2017

.......................................................................................................

....................................................................................................

...................................................................................................

Line & | Line B| Line C| Line D|

— A-Axis Contrals

— Channel setup —Y-Axis Setup —Measurements —
_ hAi Range 10.0s - '
¥ Enable . Scale  |50.0 mvidiv H AutoScale WV rax - Min ¥ > Print
V¥ sverage Resume
— Close

N/
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Early Detector Optimization

10.6
* Electronics and DAQ debugging 104
102
* Optimization of trigger thresholds z "
E 98
S o6
* femperature scan 04
= oopte ML ERER LSRR
* Optimize thermal response of the 9:—N0Lmearpmes """" ;o Lmearpmes """"""
detectors S T T '6|0'T'in;§(zhl)' T00 120 140160
1032_. ..................................................................................................................................................
* Noise and vibration control AR I B N
TE l4Hz
e Linear drives to control Pulse tubes g 10 ;_ ______________ l _______________ ______
> — : ; |
Sk ' |
5 |0 UL
* Pulse tube phase scans ol 2 A LAY
10~ ;_ ANPS ch 390 - 15 mK b'efore. pha.se o.pti.mi.zat.ion .........
E T ANPS ch 390 - 15 mK after phas¢ op.tim'iza'tion
107 2 T4 5 6 780910
Frequency (Hz)
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CUORE Data Taking

* First two years of data taking has seen a lot of
downtime

CUORE Run Time Breakdown

Jan 2017 - Feb 2019

* Vacuum leak repair
* Upgrades to dilution system

* Install external calibration system

e Overall reduction in downtime: Continued Physics 17.2%

. Down Time 33.6%
stable data taking Setup (LC & WP) 4.9%

* Enhanced several data analysis techniques

Calibration 11.4%
NPulses 0.6%
Test 32.3%

Pranava Teja Surukuchi, BNL Seminar June 2020

24



External Detector Calibration System (DCS)

e Internal DCS:

0 @ iy | e
_‘_.',‘-', “aABIA 12 (W -\ |
L caRaesierr. B B
(T @ 1ensiere) ) B

e B Di510a="
= S CRT 5 (3

e 232 Th source

* All the way down to 10 mK

.....
SLe) aF

* Complicated deployment process

, , 3500
* Interferes with cryogenic system : Final Th+Co calibration
3000 :— Initial Th calibration
e External DCS: = 2500:— CUORE Preliminary
3 - Dataset 5
* Installed in summer 2018 S 2000F
232 60 i 2 15001
. Th + 60Co sources outside the 300 K vessel = -
S 1000F
* Short deployment periods helps to increase uptime so0t
0:_1111111111111111111 feee 1 LR
0 500 1000 1500 2000 2500 3000
Reconstructed energy (keV)
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Data Taking

| ] Background

* After detector upgrades, continues low downtime data taking

* |2 datasets completed, each dataset ~| month long (916.9 kg-yr data collected)

* / datasets analyzed (372.5 kg.yr)

* Plan for continued data taking

70.1 %

Down Time

Setup

Since Spring 2019

Calibration

55 %

900

800

Exposure (kg-yr)

700

600

1d 5

500

400

300

200

100

Stable data taking since Early 2019

Analyzed exposure
Total collected exposure

PRL 120.132501 (2018)

Jul-2017

Dilution system upgrade

&
EDCS installation

Vacuum
leak repair

'

Dec-2017

Jul-2018 Dec-2018 Jul-2019 Jan-2020

260
240
220
200
180
160
140
120
100
80
60
40
20
0

Jul-2020

Te Exposure (kg-yr)

130

/

N\ A%

N\ \ // / ¢

D N:\ / //”"
S

[ﬁ\ ~ *‘f 'aY alV;
\J | & g) 1Yy
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Analysis Chain: Trigger

Trigger

l

Amplitude evaluation

l

Gain stabilization

l

Energy calibration

l

Multiplicity cut

l

PSA

l

Blinding

80

— Trigger thresholds OT
0 I —— Trigger thrsholds DT

CUORE Preliminary

60

50

Channels

40
30

20
10

rrrryrrrreyprrrryrrrryprrrrprrreryrrrryprrrrjurl
l l l l I l l I

Dataset 3
- wm

10 10°
Reconstructed Energy (keV)

|

[a—

* Continuous data collected and saved
» Offline retriggering possible for all datasets
* Optimum Trigger (OT):

* Triggered when optimum filter based amplitude crosses a threshold

Lower trigger thresholds achieved using optimum trigger

Pranava Teja Surukuchi, BNL Seminar June 2020
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Analysis Chain: Amplitude

Trigger » ,
l < Average pulse
0.8 . :
Amplitude evaluation 06 | Filtered pulse

l 04

Gain stabilization
0.2

l |

Energy calibration

)

I
I
1
I
I
I
I

Illllllqlllllll|III|III|III|II

l 0.2
coo e e e e b e by e by g g
Multiplicity cut 0 100 200 300 400 500 600
sample index
l Amplitude & Energy
PSA
l * Amplitude of the pulses are evaluated using matched filter that
Blinding maximizes signal-to-noise ratio
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Analysis Chain: Gain stabilization

Trigger

l

Amplitude evaluation

l

Gain stabilization

l

Energy calibration

l

Multiplicity cut

l

PSA

l

Blinding

2915

2910

Amplitude (mV)

2905

2900

2895

2890

2885

2880

] ] I ]
-5800

] ] | ] ] ] | ] ] ] | ] ] ] I ]
-5600 -5400 -5200 -5000

Baseline

* Gain is temperature dependent

B

| I | | | | | | | | | | | | | | | I |
-5800 5600 -5400 -5200 -5000
Baseline

Amplitude = Gain x Energy

» Stabilize the gain against temperature drifts

* Use fixed energy heater pulses to stabilize gain

Pranava Teja Surukuchi, BNL Seminar June 2020
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Analysis Chain: Energy

- 3500
T”gge r - Final Th+Co calibration
l 3000 Initial Th calibration
. . — - CUORE Preliminary
Amplitude evaluation g 2500 Watuiat
l = 2000
s =
Gain stabilization 2 15001
= -
l S 1000
Energy calibration 5005
l 0:_1111|1111||||||11|1 P (N
0 500 1000 1500 2000 2500 3000
Multiplicity cut Reconstructed energy (keV)
PSA * Calibration data taken before and after each dataset
| l * Uses peaks from 232Th+¢0Co chain
Blinding

* Each crystal independently calibrated
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Analysis Chain: Multiplicity

Trigger

l

Amplitude evaluation

l

Gain stabilization

l

Energy calibration

l

M| Event

MultiEIicitz cut o | . | | |
l * Multi-site events typically come from radioactive contamination
PSA
l * Select M| events for OVBP dataset
Blinding * Eliminate Compton scatters, surface alpha contamination, and muons
L t’g;g?;tw Pranava Teja Surukuchi, BNL Seminar June 2020




Analysis Chain: Pulse Shape Analysis

Trigger

l

Amplitude evaluation

l

Gain stabilization

l

Energy calibration

l

Multiplicity cut

l

PSA

l

Blinding

-1000—

m
oltage (mV)
i

> ~1400—
~1600-
1500 - ~1800F

1000 — -2000—

- ~2200—
500 -

\\k¥ —2400_ —

-2600=—__.

lllllllllll

-1 7005
2 - -1 8005
-1 9005
1000 -20005

500 [ Jw 21000}
0F -

2200

Figure of Merit

N

(Y
N

(O8]

2.5

Pulse Shape Cut Figure of Merit

¢ DS7

CUORE Preliminary

Exposure: 372.5 kg yr
| | | | | | | | | | | | | | | | |

-

2 4 6 8 10
Mahalanobis Distance

* Use the shape of the signal pulse to identify pulses that deviate from nominal pulse

* Multi-dimensional distance based on six pulse shape parameters is defined

* Acceptance criteria is defined by the distance of events from the centroid of
distribution that maximizes experimental sensitivity

Pranava Teja Surukuchi, BNL Seminar June 2020
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Analysis Chain: Blinding

Trigger

l

Amplitude evaluation

l

Gain stabilization

l

Energy calibration

l

Multiplicity cut

l

PSA

l

Blinding

~  CUORE Preliminary ~ CUORE Preliminary
—  Exposure: 372.5 kg yr 2| Exposure: 372.5 kg yr '\

Unblinded /. Blinded

10?

Events [counts/keV]

10

[E—
IIII|
IIII|

2600

2550
Reconstructed Energy [keV] Reconstructed Energy [keV]

2450 2500

N

2600 2650 2700 2350 2400

2550

2450 2500

2400

[\®)
)
W
-

* Salting: Randomly move a fraction of events from 208T| at 2615 keV
to Qpp region and vice versa

* Original event energies saved for unblinding

* Unblinding after the full analysis procedure is finalized

2650 2700

Pranava Teja Surukuchi, BNL Seminar June 2020
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Spectrum

Events [counts/ke V]

[
O
B~

[
-
W

10

0 1000 2000

Post analysis cut spectrum

& Background region

210Pg

I90Pt

208T]|

< >

Dominated by 2vf3f3

Y Background region

3000 4000 5000
Reconstructed Energy [keV]

6000

Total spectrum over / datasets
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Detector Response

Combined Calibration Fit (DS 2)

* Response modeled based on a fit to 2615 29T peak ¢ . . 4ol |
03 N | A 1
* Main peak parametrized by 3 Y peaks, X-ray escape, i wesry £ CUORE Preliminary
. R R 1045— / \
flat background and Compton scatter distribution - f *\* ol5e583.51,
§ 103;_ / .
* Fit performed over all channels in a tower ER V., s
02 %%Wm“mﬂf’ ,,,,,,, " Compton ‘,,
. . . . — Flat backgroun scatter
» Using the same line shape function, resolution and ) R B, 4. I
bias in energy extracted by fitting peaks in physics P B construted Energy (kev)
data » o Calibration Resolution at 2615 keV (DS 2)
= b CUORE Preliminary
* Extrapolate to Qpgp S
60;_ Effective FWHM = 7.03 keV
50
FWHM at 2615 keV in calibration data - 7.7 keV 40F-
30
FWHM at Qgg in physics data - 7.0 keV 201
10
Oo: S0 s 2025 T 50
FWHM [keV]
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Efficiencies

" 200F .
P g&cfﬁrfe‘;?g;eglon CUORE Preliminary
% 160 - Post-AC data Ll Exposure: 372.5 kg yr
U E |l| | ° ) °
140 l Antl-c0|nC|dence
Containment . | . 120F | 1 Efficienc
. . Evaluated with MC simulations MC 88.35(9) % 100~ | 4
efficiency N |
= A ll
. 60_
Compirises: oE "
crystal  Reconstruction = trigger 5 - " n
20 b ‘
level efficiency = event reconstruction Heater 95.802(3)% N A “‘ s “ R LA
-> pile-up identification 1420 1430 1440 1450 1460 1470 1480 Eéélfg(}), [ke{IS]OO
P
Q
. re ore S T . SO quu O
. . Quantifies the probability of 2 T i
Anti-coincidence ) e . 40K o = 1
. . properly identifying a 98.7(1) % =
efficiency single-crystal event E
Dataset J y gn
level )

Pulse-shape Fraction of events passing a M| 4K
analysis multi-dimensional cut on 6 3x60C 92.6(1) %

PSA Efficiency
efficiency pulse-shape variables M2 208T|

O 2 ———— PSA efficiency (coincidence)

—%— PSAcfficency (y Peaks) CUORE Preliminary
PRA effictency Tt Exposure: 372.5 kg yr
RS SN TR T AN T NN T TR A SO N T SN N SR S T S N SR S S S N
OO 500 1000 1500 2000 2500

Reconstructed Energy [keV]
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Fit Details

* Unbinned Bayesian fit over all datasets @

* Uses Bayesian Analysis Toolkit (BAT)
Fit parameters:
* OVBP decay rate @ 2527.518 keV

* Systematics implemented as nuisance parameters * 60Co sum peak amplitude
* 60Co sum peak position

* Fit region [2490, 2575] keV

* Fits done separately on each dataset with and without systematics

* Background index (flat)
produces consistent results

Blinded data Systematics:

* Analysis efficiencies

W
o
o

N
)
o

Events [counts/2.5 keV]

200

* Containment efficiency
150

* Energy scale

100 | * Energy resolution

* Qpp

| S | “ SR P 130Te abundance
O L1 L1 1 L1 1 1 L1 1

| 1 I I | I I L 1 1 1 | | I I | 1
2490 2500 2510 2520 2530 2540 2550 2560 2570
Energy [keV]

50
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https://bat.mpp.mpg.de

Fit to RO

BI in [2490,2575] keV region
0.02

Average Bl from BG only fit = (1.38+0.07).10-2 ... -
counts/(keV - kg - yr) 2 ooto— . |
Sensitivity: wi || |
* Bkg-only model used to generate MC datasets and
fit them to signal + bkg model
18;_ — Best fit (global mode)
* Median exclusion sensitivity: T, = 1.7 - 1025yr LI I 90% limit on I'y,
§ 14E PRL 124, 12250
Results: SEREIS
* No evidence of OVBP Best fit decay = 0 yr-! S s
5 of
. TV, > 3.2 x 1025 yr at 90% C.J 5 "'| gt
2
0

Phys. Rev. Lett. 124, 122501 2480 2500 2520 2540 2560 2580
Energy [keV]

\ / g
W H/ 7.
N %
S\ /A
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Limit on Effective Majorana Mass

10°

* TV > 3.2 x1025 yr at 90% C.|

CUORE limit (Te), PhysRevLett.124.122501
e

Inverted hierarchy

* Probability of getting a stronger limit is ~3 % 102

* Assuming light neutrino exchange:
mgg <75 = 350 meV

Mg (meV)
S

e Uncertainities in nuclear matrix elements
determines the range

Normal hierarchy

107 ,
107" 1 10 10

m lightest (meV)

\
\
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CUORE Summary

* Calorimetric detector with excellent resolution '0°

>

 CUORE started data taking in 2017

e

CUORE limit (Te), PhysRevlLett.124.122501
JORE sensitivity (Te

—l
e
IIII|

* Stable data taking since early 2019 at 50kg.yr/month

Inverted hierarchy

* >917 kg.yr data collected so far

* 372.5 kg.yr data analyzed

Normal hierarchy

* Updated '39Te T, > 3.2 x1025 yr and :
mgg <75 = 350 meV

B

N o Other isotopes

>
il
|11

* Sensitivity (5 yr data taking): ]

30Te TV, > 9.0 X 1025 yr o o mey) ©
mgg <50 = 130 meV

b \\\ \‘
\
S \\\
//
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Backgrounds in CUORE

IOOhA()<:QBB
3034 keV

- External sources

RZI
elfminary

208T] y
2615 keV

30Te Qg
2528 keV

Mt
B AE

e

Reduce backgrounds to further improve sensitivity

N Data - 86.3 kgy

Bkg model - y

Bkg model - 1

E Pr

CUO

Exposure: 8p.3 kg yr

________ _ _:_____ | =

= AT

=x7//7,

—2 A

-
1/

=g
nl‘\\\“\.d«\\\\a\\

777/ v 2

—

A/Bx/\8¥/s1UN0D

Backgrounds:

* Below 2615 keV dominated by y

* Above 2615 keV, primarily from s (U/Th

contamination)

* Next dominant background muons

Reducing backgrounds:

777 0.

R/

A I:l”‘\\ \

A
77

Y/

%w\.ﬂmm
n\%v\w\w\%

2
7

* Move to higher energy > 2615 keV

-

\
A4

520022277771 T~

* Eliminate & backgrounds (By discrimination)

Dominated by

Dominated by Y

* Reduce muon backgrounds (Active veto)

41
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CUPID

CUPID pre-CDR
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CUPID: The Concept

Light Detector

ou

Light —>

Energy
release

| Thermometers
f—
< Bolometer

* Measure heat and light from energy deposition:
Heat is particle independent, but light yield depends on particle type

* Add a light detector to crystal

* Actively discriminate using measured light yield

EIight

EIight

, Li,MoO,, CdWO, BN
4
QBB Eheat
\ /nSe
. By
”"G:ID"”———
QBB Eheat
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Prototype Demonstrators: Precursors to CUPID

CUPID-0:
* Located in the CUORE-0 cryostat at LNGS, ltaly

* 24 Zn825e (95% enrichement) +2 Znn2Se crystals
- 5.17 kg of 825e

* Ge light detectors and NTD thermistors

Phys. Rev. Lett. 123, 032501

CUPID Mo:

 Located in the LSM, France

* 20 enriched Li2!%MoO4 (97% enrichement)

crystals
- 2.26 kg of 10Mo

* Ge light detectors and NTD thermistors

ZIEPJ C 80, 44 (2020)

/

Laboratory

B Nright Pranava Teja Surukuchi, BNL Seminar June 2020
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Prototype Demonstrators: Precursors to CUPID

CUPID-0 (5.29 kg.yr): CUPID Mo (0.5 kg.yr):
* Resolution of Qpg 20.05 + 0.34 keV * Resolution of 6.5 keV @ 2615 keV
* Background in ROI: 3.5%10 —3 cts/(keV.kg .yr ) * No background events in ROI
o T\,>3.5x102%yr and mg< (311 - 638) meV * T\p,>3.0%1023yr
~ 25

EP] C 79,583 (2019)

N
o

210
Po

|
38

<

S)

LMO 1, Physics data

- woeryew |EPJ C 80’ 44 (2020)

+ Withe/y LY cut

Counts / (5 keV)

Counts / (2.5 keV)
=)

Light signal (keV)
N

[a—
(9]

: 1025 3000 3500 4000 4500 5000 5500
B L . Energy (keV)
10 - F1B. Schmidt 2057
____________ 1= ; |
5 Eelele I : JL|TAUP 2019
| + -
5 0.5 : CUPID-Mo - First data
B Preliminary
e’ . B 1
t%:oo.. :. . . 0 : l I : : I : | . : : : I . I l : I l : I L | I l . I :] 1 | | | 1 1 | | | 1 1 | | | 1 1 1 1 | l | 1 1 I | 1 | ||I||I l 1 1 1 I l 1 1 |I
RN, o2 o s 0 1000 2000 3000 4000 5000 6000 0 500 1000 1500 2000 2500 3000 3500 4000
() T oe——— N T e e e Heat si 1 (keV Energy (keV)
2000 4000 6000 8000 10000 cat signal (keV)

Energy (keV)
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CUPID Plans

e Use CUORE infrastructure
* Li2!%MoOg4 scintillating crystals

* Opportunity to explore more isotopes
o TeO

2

e /nSe
) LiZMOO4
« CdWO,
* Modest cost compared to the other next generation experiments

* Schedule driven by '99Mo enrichment (expected ~4 years)

* TDR and construction readiness for the end of 2021

 Pre-CDR available arXiv:1907.09376

CUPID Schematic

Pranava Teja Surukuchi, BNL Seminar June 2020
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arXiv:1907.09376

CUPID Sensitivity

CUPID Baseline:

* Mass: 472 kg (253 Kg) of Li2'%%MoO4('°Mo) for 10 yrs

* Energy resolution: 5 keV FWHM
* Background: 10-4 cts/keV.kg.yr

Experimental state-of-the-art

11

100M0 gzse

T|/2 ~ 1027 yrs
meg ~ 12=20 meV

.
. - PEEYTY
.

- CUORE final sensitivity

Inverted ordering

. 1102
Next-generation goal |
: 10°
104 1073 102 101 1
Lightest neutrino mass [eV]
N Wright Pranava Teja Surukuchi, BNL Seminar June 2020 47
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CUPID Sensitivity

CUPID Baseline: Ultimate bolometer sensitivity:
» Mass: 472 kg (253 Kg) of Li2'®MoO4(1%°Mo) for 10 yrs 1000 kg of 190Mo

* Energy resolution: 5 keV FWHM Discovery sensitivity T,, > 8X1027 yr (30)
* Background: 10-4 cts/keV.kg.yr

[eV]

More R&D for further background reduction by
radio purity and higher bandwidth sensors

Discovery sensitivity T, > 2X1027 yr (30)

B

—
<

3 o discovery sensjjfvity on m

Conservative (Can build today)
Discovery sensitivity T, > |.1%x1027 yr (30)
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Summary

* Large scale calorimetric approach to search for OV demonstrated using CUORE
* Ton scale cryogenic infrastructure and instrumentation demonstrated

* Excellent energy resolution and background reduction demonstrated using CUORE

* CUPID will perform one of the most sensitive searches for OV

Pranava Teja Surukuchi, BNL Seminar June 2020
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ZINS
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CUORE Details

1) S(E0):= (0

Bayes theorem: P ( ﬁﬁ N
< (£0) (7)o

Likelinood: £ (£16) = T] ]I Y [T (5 pdfuss (E16) + < pdfac, (El9) + b 1
| - dataset channel n' event | )\p e | >\p T | AAE Flt pa’ra’meter SYStematiCS
Expectation value: A=s+c+b _ Systematic Prior Effect on I'o,
Width of fit region: AE Total analy§1s efﬁleency I Ga}lssmn 0.01%
Total analysis efficiency II Uniform 0.04%
Systematics implemented as nuisance parameters Containment efficiency (Gaussian 0.01%
Parameter Dependence Method Energy and resolution scaling Multnf'arlate 0.02%
Qs Gaussian 0.02%
Analysis efficiency | Dataset Gaussian Isotopic fraction Gaussian 0.02%

Analysis efficiency Il Global Flat in [0.981, 1.021] range

L _ _ | o
Energy bias Dataset Fit residuals of peaks in physics spectrum from literature values with 2" order

polynomial
Energy resolution Dataset Fit ratio of FWHM in physics and calibration data with 2" order polynomial
Qg Global Gaussian, 2527.518(13) keV
130Te isotopic fraction Global Gaussian, 34.1668(16)%
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CUPID Background

Total

Shields

Holder

Reflecting Foil

Crystals - Uand Th

Crystals - 2 v

10°°

107 107 10°°
Counts/keV/kgly
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CUPID Sensitivity

1/2
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Mass Measurement Paradigms: Summary

Method Measurable Current limit
mass term
Neutrino 9 9 2 >98 meV(68meV)

oscillations

Beta decay
measurements

Cosmological
models

Double beta
decay

2

My =M = for IO(NO)

mg = \/|Uei2m? 5 <3000 meV

2, =m1 + ms + ms > < 120 meV

(mgp) =

mg < | 00 meV

§ : TT2
J
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Spectrum

10’ | - Base cuts
0 = B Base cuts + AC

— B Base cuts + AC + PSA
10*

Counts / 4 keV

1000 2000 3000 4000 5000 6000
Reconstructed Energy (keV)
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Line shape fit

Tower-Dataset Global Parameters Channel-Dataset-Specific Parameters
Flat background size Photopeak Q-value
Compton background size Photopeak subpeak sizes and positions

X-ray Escape and Coincidence peak sizes | Peak resolution (o used in each Gaussian)
2615 - 511 + 583 peak size and position

Background resolution vs. energy, 2-0 fits (ds3564)

—1.1 g G
> — X* / ndf 2.308 / 3 Residual vs. energy, 2-0 fits (ds3519)
,3 - Prob 0.511 — 2
— 1—_ [ — X2 / ndf 5.098 / 3
— po 0.2784 *+ 0.1631 () —
c N RV, — Prob 0.1647
0 [ p1 0.0003765 + 0.0001934 =1 5[
o = « D[ po —0.2482 + 0.4122
"5’ 0.9 __pz —4.205e-08 = 5.444e-08 ﬁ ~ pl 0.0001245 + 0.0005228
'3 E .8 1 :_p2 -1.574e—-09 * 1.619e—07
00.8— e - p3 0+ 0
-l — Q —
T 0.5
50.7— —
ﬁ i n +
U i O T I ‘;———é— -
00.6— — £
g [ 2 : T f
] — 0.5 —
0.5 -
5 N
0.4— -
'l__ | | 1 1 | | I | | | | | | | 1 1 I | | | | | 1 | | _1 : 5 :_
500 1000 1500 2000 2500 -
Energy [keV] —2 PR T AN TR TR MR SR NN N T TR S NN S NN SN SR S SN SR S S R S
500 1000 1500 2000 2500

Energy [keV]
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Cooling power

Table 1

Cooling power budgeted for the calibration
system at all thermal stages of the cryostat.

Thermal stage Available cooling power

40 K 1W

4 K 300 mW
600 mK 600 W
50 mK 1 W

10 mK 1 uW

;7 \\\ S

/2

Wright
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Neutrino Masses

annurev-nucl-101918-02340/

102 10~} 10 102
mB/eV

101
Y /eV

10Y

W/ Wright
@S Laboratory
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Neutrino Masses

m, [eV]

Mg [eV]

1071

10°°

lllllll

10_15
1072E

10—35

Phys

. Rev. D 96, 053001

NO

1072 1071

1

my [eV]

m, [eV]

107"

10°°

Mg [eV]

1 L L L

1 I ll]llll

I ITIIII

10—15
1072}

1073 :

10

107"

2 [eV]

1072

my [eV]

- —_ A
OI o

-
o
o

probability density [eV?]
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Statistical Test

Statistical approach to Ov[3(3 decay search

(5\9) (5) Signal Background
component components

fﬁ_E\H ™ (0) o / / ¥

Likelihood:L(E\g) = H H e_:,)\n H (%Pdfowﬁ (Eiw—) )\Pd'%OCO (E\H) | AAE)

dataset channel event |

Bayes theorem:

Expectation value: A=s+c+Db
Width of fit region: AE

Systematics implemented as nuisance parameters
Parameter Dependence Method

Analysis efficiency | Dataset Gaussian
Analysis efficiency Il Global Flat in [0.993, 1.007] range
Energy bias Dataset Fit residuals of peaks in physics spectrum from literature values with 2" order polynomial
Energy resolution Dataset Fit ratio of FWHM in physics and calibration data with 2" order polynomial
Q. Global Gaussian, 2527.518(13) keV
130Te isotopic fraction Global Gaussian, 34.1668(16)%
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Contamination from tower components

2381J contamination limit | 222Th contamination limit

Component Mass [g] g/gl [bolo™! yr—1] g/g] [bolo™! yr—1]
TeO, crystals | 742000 5x 10714 10 2 x 10713 2000
Cu structure 70000 5x 10712 100 5% 10713 500
PTFE holders 5500 2 x 10712 4 2 x 10712 100
Cu-PEN tape 3000 1 x 10710 100 4 x 10710 20 000
Ge thermistors 42 1 x 107 20 1 x107? 500
Si heaters 6.8 | 2x 1010 0.5 8 x 10~ 11 7
Au bonding wires 1.5 | 1x107? 0.6 1 x1078 200
Glue 0.44 | 8 x 1010 0.1 2 x 10710 1

Table 3.1: Masses and upper limits on the bulk contamination levels of the CUORE
detector tower components. All contamination data are limits at 90% C.L., expressed
in grams of the contaminant per gram of the component and in decays per year
per bolometer. Note that this is not a measure of the number of events actually
recorded in the bolometers; it is just a metric to compare the magnitude of the possible
contaminations, taking into account the different masses of the tower components and
two different isotopes.
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Detector Calibration System (DCS)

s
s
s
amaE
38 yE
/Mms
. .
. aE
amaIs
R yE

i

ZINS Laboratory

R i e B I T R I
L SR ' vy ' ] > & :

O Inner string @ Outer string
—— Copper shield

4 TeO, crystals
in copper frame

Source string
locatlon before

= calibration

I (Motion Box)
300 K .
H Stainless steel
40 K \ bellows

<«— 4 K Thermalizer

600 mK m= |
50 mK . Inner guide
10 mK tube rout.e
o Outer guide
Lead shielding — tube route

Detector region
. 1 guide tube

Detector towers ——

* Six 232Th Y sources radioactive strings reaching down to
mK between detector towers

6 mm |

59 mm

10
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Cooling

/;‘\\ NN

| I | I T | | I T | T T T | T T T ! | | | | | I I
- CUORE cool down 10 = T =
100 :_ Start: 2016-12-05 00:00 _ B \ 2
B _ 1 = —
> - ‘\: > - — Still plate -
=~ - I i HEX plate -
0.1 == —— MC plate =
10 = — 40K plate = - =
- 4K plate - - CUORE cool down -
- | o | . IL 0.01 - Startlz 2017-01-2? 10:00 l l l -
0 2 4 6 10 12 14 16 18 20 22 0 0.5 1 15 9 95 a5 4
At [d] At [d]
/4 Hright Pranava Teja Surukuchi, BNL Seminar June 2020 63



Pulse tube

Motor-head flexline

“a

Electric insulator PT head (300 K)

Motor-head with rotary valve

:' : / PUR ring
5=
High/low /
pressure inlet 2 st stage (40 K)
/ 2nd stage (4 K)

Buffer volumes Flexible Cu-bride thermalizations
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Backgrounds in LNGS

* UWs:~3 x 10-8/ (s-cm2)
*Y's:~0.73 / (s-cm2)

* neutrons: 4 X |0-¢ /(s-cm?) below |10 MeV
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Posterior

P(T,, [yr'] | Data)

o o o °o o 9
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